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Why being an optimist?

e 10 years to develop a tool
e BSM predictions needed for discovery (and for limit setting?)

e Experience with one model can be used for others

Need for both, optimists and pessimists
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Renormalization

Choice of a renormalization scheme

(including set of independent input parameters)

= Establish meaning of parameters

At higher orders:

quantum

. corrections
Physical observables <————  Parameters
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Different aspects

Symmetry relations
— relations between masses

Regularization
scheme

Additional
parameters

Gauge
independence

Numerical stability:
e Good expansion points
e Parameter scans

Purpose
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Choice of the regularization scheme

e Preferably symmetry conserving (see e.g.

— otherwise symmetry-restoring counterterms might be needed

Example: SUSY theories:
Add SUSY-restoring

/’ counterterms
Dimensional regularization

breaks SUSY
reaxs Use dimensional reduction:

e some SUSY relations explicitly
checked at 1- and 2-loop level
(see e.g
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Choice of the regularization scheme

In the following:

Assumption:
Symmetry-conserving regularization schemes are applied

= Multiplicative renormalization possible:

Parameters: g — 28

1
Fields: O — Z(fgb
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Input parameter

General procedure:

e |dentify the fundamental parameters of the Lagrangian

I .
e fundamental parameters 222, chosen input parameters

Important: Careful bookkeeping needed

Of course:
quantum

corrections
fundamental parameters «————— input parameters

i
H- 3
te"r

1
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Symmetries

Symmetries can reduce the number of fundamental parameters

Example: SUSY theories:
One generation of squarks in the MSSM:
Soft-SUSY-breaking Lagrangian:

Lot = MLQIQL + Mg, lplr + /\/IRgd:edR +... with Q = (i)

= 4 particles
3 mass parameters due to SU(2) symmetry

= only three masses can be chosen independently,
one mass depends on the other three masses
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Mass relations

Mass? as dependent parameter (not an input), here mg :
1

(see e.g. )

e Squarks only internal particles: Procedure okay (with only 3 on-shell masses)
(in the loop)

Problem: Thresholds are shifted

Renormalization of BSM theories Heidi Rzehak 07 March 2018 9/26



Mass relations

o Squarks also external particles (external = on-shell):

> use one-loop on-shell masses for external particles:

0s? __ tree? 2
mg, = mg* + T (mg)
on
other counterterms
= Problems with IR divergences cancellation

tree?

2
. OS’
(loops: mp<, external: m )

2

> define also 7 as on-shell (further renormalization condition):
1

= Symmetries have to be restored (here: use M2 1-loop _ M2d17|°°p)
= Loop-corrected masses (also

= Possible: Problems with UV/IR divergences cancellation
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Mass relations

Further problem:

If m~ not input, .
& P No problem if my < mg

then di — d; for no mixin
' g & Otherwise: 2 possibilities to

avoid unphysical divergences

e change renormalization
prescription:
mal, ma2 — mal, maz
Often: Mass ordering chosen:

< m- e change mass ordering
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Mass relations

Other examples:

e Charginos/Neutralinos (MSSM): 2 independent masses
[Fritzsche, Hollik, hep-ph/0203159; Baro, Boudjema, 0807.4668;
Chatterjee, Drees, Kulkarni, Xu, 1107.5218;
Fritzsche, Heinemeyer, H.R., Schappacher, 1111.7289;

Bharucha, Fowler, Moortgat-Pick, Weiglein, 1211.3134]
e Higgs-bosons in the MSSM: 1 independent mass

= SM-like Higgs-boson mass constrains parameter space
[Chankowski, Pokorski, Rosiek, hep-ph/9303309; Dabelstein, hep-ph/9409375;
Baro, Boudjema, Semenov, 0807.4668;
Frank, Hahn, Heinemeyer, Hollik, H.R., Weiglein, hep-ph/0611326]

e Higgs-bosons in the NMSSM (and Charginos/Neutralinos)
[Ender, Graf, Miihlleitner, H.R., 1111.4952;
Graf, Grober, Miihlleitner, H. R., Walz, 1206.6806;
Drechsel, Galeta, Heinemeyer, Weiglein, 1601.08100;

Bélanger, Bizouard, Boudjema, Chalons, 1602.05495; 1705.02209]
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Purpose and additional parameters

In BSM models: Additional parameters e.g. couplings

Possible renormalization conditions:

° scenario — effects at low scale:

running
via RGE

parameters at the low scale

Useful choice: Running parameters (MS, DR scheme)

Otherwise: conversion of parameters
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Purpose and additional parameters

In BSM models: Additional parameters e.g. couplings

Possible renormalization conditions:
) scenario — effects at low scale:
Useful choice: Running parameters (MS, DR scheme)
Otherwise: conversion of parameters

e Easily applying experimental constraints e.g. on masses:

Choose as many masses on-shell as possible
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Purpose and additional parameters

In BSM models: Additional parameters e.g. couplings

Possible renormalization conditions:

° scenario — effects at low scale:

Useful choice: Running parameters (MS, DR scheme)
Otherwise: conversion of parameters

e Easily applying experimental constraints e.g. on masses:
Choose as many masses on-shell as possible

e Further parameters?

* MS/DR scheme?
* Via full processes?
* Via vertices?
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Purpose and additional parameters

In BSM models: Additional parameters e.g. couplings

Possible renormalization conditions:

° scenario — effects at low scale:

Useful choice: Running parameters (MS, DR scheme)
Otherwise: conversion of parameters

e Easily applying experimental constraints e.g. on masses:
Choose as many masses on-shell as possible

e Further parameters?

* MS/DR scheme?
* Via full processes?
* Via vertices?

e What about mixing angles?
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Mixing angles

A priori: at NLO not well-defined:
can be absorbed by field-renormalization constants

— no need to renormalize mixing angles
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Mixing angles

Transformation of bare interaction fields into bare mass eigenstates fields
Cx = COS X, Sy = sinx

Y10 _ R ®10\ _ (c0 —S0,0\[ P10
= Ry (%) = :
©2,0 ®2,0 sp.0 S0 J\ 920
Renormalization of interaction fields and mixing angle 6:

(bl 0) (]- + %(SZQlol 1 ()Z()l(,)g ) <¢1> N
o) _ (L L By =0+00.
<¢2,0 %()Z(,)gol 14 2()20202 ¢2 0 ‘

Field renormalization of bare mass eigenstate fields:

¥1,0 = ¢ —% 1+ %52"’1"’1 %(52“102 + —S0 o1
s 1+ 362, C@ _59 o

©2.0 S Co j()zog(j)l bdodo
_ (o —s 1+ 3070, %(52(,102 200)\ (1
So Co %(OZ()gg)l + 2(59) 1+ ()Zogug ¢2 '
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Mixing angles

— no need to renormalize mixing angles

e Particularly useful if “‘too few" original /fundamental parameters
e.g. mixing angle for CP-even Higgs bosons in the MSSM

e More cumbersome if mixing angle also appears as parameter
e.g. mixing angle 3 for CP-odd/ charged Higgs states and tan 3 = 2

f 1

no need for need to be
renormalization renormalized
needed v; = Higgs vacuum expectation value i

e Additional original parameters \; "*P2%, mixing angles 0;

= mixing angle 0; fixed via the relation between \; and 6;

I

need to be
renormalized )
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Gauge (in)dependence

: . .
In particular for mixing angles and tan 3 = e
Renormalization conditions leading to gauge dependences exit

= for meaningful comparison: need to use always the same gauge

Wish:
“simple”, process-independent, numerical well-behaved definition

Suggestions for tan 8 in the MSSM:
e Use original parameter instead — numerically unstable

e Use vanishing bare tadpoles
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Tadpole renormalization

Two variants:
=0

a) Vanishing renormalized tadpoles: tsg =" ts +dts

Condition: dts + (explicit tadpole loops) = 0
Advantage:  No explicit tadpole diagrams need to be included
Disadvantage: ts o = dts enters in relations between
bare input parameters
— potentially gauge-dependent terms enter relations
between renormalized parameters and observables

b) Vanishing bare tadpoles: tsg =0

Now: Explicit tadpole diagrams have to be taken into account
Advantage: No gauge-dependent dts enters in relations between
bare input parameters
— relation between renormalized parameters and
observables are gauge independent
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Gauge (in)dependence

: . .
In particular for mixing angles and tan 3 = e
Renormalization conditions leading to gauge dependences exit

= for meaningful comparison: need to use always the same gauge

Wish:
“simple”, process-independent, numerical well-behaved definition

Suggestions for tan 8 in the MSSM:

e Use original parameter instead — numerically unstable
e Use vanishing bare tadpoles and a DR scheme

— large scale dependence
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Gauge (in)dependence

: . .
In particular for mixing angles and tan 3 = e
Renormalization conditions leading to gauge dependences exit

= for meaningful comparison: need to use always the same gauge

Wish:
“simple”, process-independent, numerical well-behaved definition

Suggestions for tan 8 in the MSSM:

e Use original parameter instead — numerically unstable
e Use vanishing bare tadpoles and a DR scheme

— large scale dependence
e Use one further Higgs mass — numerically unstable

e Use A’ — 77 to fix tan 3 — process dependent
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Gauge-independent mixing angles/parameters

Suggestions:
e Use pole structure: [Baro, Boudjema, 0906.1665]

For MSSM sfermions:

1 1
omy, = -5 lim [Rezﬁé(m%) + ReZ;l;Q(m%)} =ReX;; (2(m§1 + m%))

m;l ~>m;2

[Bojarski, Chalons, Lopez-Val,

Similar for Singlet Higgs extension (SSM) ' "~ 1511.08120]
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Gauge-independent mixing angles/parameters

Suggestions:
e Use pole structure: [Baro, Boudjema, 0906.1665]

For MSSM sfermions:
1 . 1
omy, = -5 lim [Re):;lé(m%) + ReZ;l;Q(m%)} =ReX;; (2(m§1 + m%))

m;l ~>m;2

[Bojarski, Chalons, Lopez-Val,
Robens, 1511.08120]

e Use pinch technique and vanishing bare tadpoles in the 2HDM:

Similar for Singlet Higgs extension (SSM)

[Krause, Lorenz, Miihlleitner,

2 2 o tad 1 2 2 Santos, Ziesche, 1605.04853,
€.g (mH B mh)da - ReZhH <2(mh + mH)) Kanemura, Kikuchi, Sakurai,
Yagyu, 1705.05399]

Same result with BFM [Denner, Lang, Uccirati, 1705.06053]
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Gauge-independent mixing angles/parameters

Suggestions:
e Use pole structure: [Baro, Boudjema, 0906.1665]

[Bojarski, Chalons, Lopez-Val,
Robens, 1511.08120]

e Use pinch technique and vanishing bare tadpoles in the 2HDM:

Similar for Singlet Higgs extension (SSM)

1 [Krause, Lorenz, Miihlleitner,
2 2 tad 2 2 Santos, Ziesche, 1605.04853,
e.g. (mH — mh)(SO[ = Re):hH (2(mh —+ mH)>

Kanemura, Kikuchi, Sakurai,
Yagyu, 1705.05399]

Same result with BFM [Denner, Lang, Uccirati, 1705.06053]
e MS scheme and vanishing bare tadpoles (2HDM/SSM)

[Denner, Jenniches, Lang, Sturm,1607.07352; Altenkamp, Dittmaier, H.R., 1704.02645;
Denner, Lang, Uccirati, 1705.06053; Altenkamp, Boggia, Dittmaier, 1801.07291]
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Gauge-independent mixing angles/parameters

Suggestions:
e Use pole structure: [Baro, Boudjema, 0906.1665]

[Bojarski, Chalons, Lopez-Val,
Robens, 1511.08120]

e Use pinch technique and vanishing bare tadpoles in the 2HDM:

Similar for Singlet Higgs extension (SSM)

1 [Krause, Lorenz, Miihlleitner,
2 2 tad 2 2 Santos, Ziesche, 1605.04853,
e.g. (mH — mh)(SO[ = Re):hH (2(mh —+ mH)>

Kanemura, Kikuchi, Sakurai,
Yagyu, 1705.05399]

Same result with BFM [Denner, Lang, Uccirati, 1705.06053]
e MS scheme and vanishing bare tadpoles (2HDM/SSM)

[Denner, Jenniches, Lang, Sturm,1607.07352; Altenkamp, Dittmaier, H.R., 1704.02645;
Denner, Lang, Uccirati, 1705.06053; Altenkamp, Boggia, Dittmaier, 1801.07291]

i [Bojarski, Chalons, Lopez-Val, Robens,
e Use fundamental parameter instead 1511 05100

(SSM/2HDM) Altenkamp, Dittmaier, H.R., 1704.02645]
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Gauge-independent mixing angles/parameters

Suggestions:
e Use pole structure: [Baro, Boudjema, 0906.1665]

[Bojarski, Chalons, Lopez-Val,
Robens, 1511.08120]

e Use pinch technique and vanishing bare tadpoles in the 2HDM:

Similar for Singlet Higgs extension (SSM)

1 [Krause, Lorenz, Miihlleitner,
2 2 tad 2 2 Santos, Ziesche, 1605.04853,
e.g. (mH — mh)(SO[ = Re):hH (2(mh —+ mH)>

Kanemura, Kikuchi, Sakurai,
Yagyu, 1705.05399]

Same result with BFM [Denner, Lang, Uccirati, 1705.06053]
e MS scheme and vanishing bare tadpoles (2HDM/SSM)

[Denner, Jenniches, Lang, Sturm,1607.07352; Altenkamp, Dittmaier, H.R., 1704.02645;
Denner, Lang, Uccirati, 1705.06053; Altenkamp, Boggia, Dittmaier, 1801.07291]

i [Bojarski, Chalons, Lopez-Val, Robens,
e Use fundamental parameter instead 1511 05100

(SSM/2HDM) Altenkamp, Dittmaier, H.R., 1704.02645]

[Bojarski, Chalons, Lopez-Val, Robens,

e Use process to fix the mixing angle 1511:08120; Krause, Lorenz, Miihlleitner,
Santos, Ziesche, 1605.04853]
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Different aspects

Symmetry relations
— relations between masses

Regularization
scheme

Additional
parameters

Gauge
independence

Numerical stability:
e Good expansion points
e Parameter scans

Purpose
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Example: Higgs masses in the CP-conserving NMSSM

Different renormalization schemes:

150 180 A
140 £ tree-level 3 170 | tree-level <
an |- mixed e mixed e
130 £ mix - E 160 b mix A
120 DR o DR e

= E oo OS el E =150 F o OS e E

$ 110 | e E ) s

<2 e O 1o | e E
100 | g E 130 e

s 90 F - o’ E 5 F -~ E

S g0 [ - o ] S 10f {,«*"'( E
0F ; 110 F e E
60 F 3 100 »___q,—,—"'""f 3
50 L L L L L L L L L 90 L L L L L L L L L

0 0.1 02 03 04 05 06 0.7 0.8 09 1 0 0.1 02 03 04 05 06 0.7 0.8 09 1
A A

e in general good agreement between the different schemes (< 1 GeV )

o for small \: OS-scheme deviates due to finite % terms in the counterterms

k= A/5, tan B =2, Ay = 500 GeV, A,, = —10 GeV, vg = % 20 Gev,
Ms =300 GeV, Ay = A, = A = —1.5Mg, My = Mg /3, My = 2/3Mg, M3 = 2Mg
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Example: 2HDM: Four possibilities for \;/a and

e Scheme )\3NTSZ see [Altenkamp, Dittmaier, HR 1704.02645]

A3 MS, tan 153 MS
tadpole scheme: ts =0
e Scheme agys:

« instead of A3: a MS, tan 3 MS
tadpole scheme: ts =0

e Scheme FJ:
a MS, tan g MS
tadpole scheme: t570 =0 see also [Krause, Miihlleitner, Lorenz,
Santos, Ziesche 1605.04853;
o Scheme FJ )\3. Denner, Jenniches, Lang,

Sturm 1607.07352]
A3 MS, tan 3 MS
tadpole scheme: tsg =0
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Running of cos(5 — «) in different schemes
[Altenkamp, Dittmaier, HR 1704.02645, 1710.07598]

Scenario A: M, = 125 GeV, My = 300 GeV, My, = My+ = 460 GeV, A\s = —1.9, tan § = 2
110 = My+Mpy+Ma+2Mj,: for 2HDM type 1, S€ [Haber , Stal, 1507.04281]

Aa: cos(8 — a)|is"cﬁifne(ﬂo) =0.1:  Ab: cos(3 — a)|.nput (Mo) —0.1:

Cﬁ—a‘i Cﬁfa‘i
0.4 0.3 T T T
ta(po) =2 10 = 361 GeV ta(po) =2 10 = 361 GeV
Scenario_Aa 0.2 FScenario Ab 4
0.3 | R
01 b / ’
0.2 P
0
0.1 B —-0.1 1
~02 |
0
Woa — | 03 WS(w) — 1
—01 } MS(a) — 4 MS(a) —
Fl(a) — —0.4 Fl(o) — 1
FJ(A FI(Aa)
—0.2 L ©a) —0.5 I L B3 |
100 300 900 300 400 500 700 900
e [GeV] e [GeV]

= sizeable running effects
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Conversion of parameters

Conversion: prsz = prs1 + 0Prs1(Prs1) — Oprs2(Prs2)

Cﬁfa‘i
0.4 : , ¢s-aliS(a)
pr = 361 GeV 0.4 :
Scenario A YA ;str 361 AGeV
y / cenario
02 - 0.2 J
0 0
—0.2 Z 4
= -0.2 -
AE MS(3a) MS(hs) —
| Ifg%gf*; — Fi(a) —
if 3
-04 =0t 1 _oq LA FJ(X3)
-04 02 0 0.2 0.4 04 02 0 0.2 04
¢p—alns(a) Choali

e Scenarios depend on the chosen renormalization scheme.
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Conversion of parameters

[Altenkamp, Dittmaier, HR 1704.02645, 1710.07598]
Conversion: prs2 = prs1 + 6prsi1(Prs1) — dprs2(Prs2)

Cﬁfa‘i
0.4 : _ Co-alws(a)
pr = 361 GeV 0.4 .
Scenario A ;Str 361 feV
cenario
) i
2+ /]
0 02t | ’ |
‘ )
°r 7 0 |t
—0.2 | -
= —02 F /| ,
; MS(A3) — MS0h) —
i FFJ‘E(AO‘; FI(o) —
; 3
-04 L= \ o4 ) FI(\s)
-04  —0.2 0 0.2 0.4 04 —02 0 0.2 04
Ch—alvs(a) Chali

e Peak region: A3 is a bad input parameter if cos(2a) ~ 0,
(to avoid the issue: choose different ;).

Renormalization of BSM theories Heidi Rzehak 07 March 2018 22/26



1., dependence of I'(h — 4f)

=4 [\eV]

Ho 1o

b4 [MeV]

1 T T 1 T T T

€g—al55(a) (H0) = 0.
Scenario Aa

Ca-alss (0) =017
Scenario Aa

0.95 &l

For all input schemes:

e Clear plateau

s 60 70 g Reduction of

scale dependence

‘ from LO to NLO

085 F \A/\g — {085 b MS(\a) ——
MS(a) — MS(a) —
Fl(a) — o) —
08 (G0 . . 08 _ FIGy) . .
200 300 400 500 600 700 200 300 400
iy [GeV] 1 [GeV]
Th4 [MeV] rhod [MeV]
1 Ho N Ho
Cs-alri(a)(po) = 0:1 ca—alri(ng) (Ho) = 0.1
Scenario Aa Scenario Aa
0.95 4 095 q

200

200 300 400 500 600 700 300 400 500
i [GeV] e [GeV]
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1., dependence of I'(h — 4f)

Thdf [MeV] Thaf [MeV]
1 — — 1 — —
g algE(ag (Ho) = —0.1 5-al§S(a) (o) = —0.1
Scenario Ab cenario Ab

Now scenario Ab:

085 | Wow — Joss | M) —— .
MS(a) — / w@ — | For all input schemes:
Fl(a) — FI(a) —
FI(As) FI()s)
08 . . 18) 0.8 . . )
200 300 400 500 600 700 200 300 w0 60 70 ¢ Plyteau
i [GeV] 1 |GeV]
[hf [MeV) I [MeV) )
! — 1 —# . e Reduction of
5-alri(e) (10) = —0.1 cg—alri(ng) (o) = —0.1
cenario Ab Scenario Ab scale dependence
I\
AN
. from LO to NLO
oss | MS() o 4 085 F MS(A\s) —— A
/ MS(a) — MS(a) —
Fila) — FI(a) —
/ FI(A I\
s R 5 e B CS
200 300 400 500 600 700 200 300 400 500 600 700
pr [GeV] pr [GeV]
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cos(8 — a) dependence of '(h — 4f)

[Altenkamp, Dittmaier, HR 1704.02645, 1710.07598]
=41 [MeV)]

1 T T
Scenario A
0.95 | MOZ(Mh+MH+MAg+2MH+)/5
LO: dashed
T . NLO: solid
\ ™ e Scheme A3 MS used:
837S
0-85 1 oars 1 Thodf | e =2 [hodf
FJ 2HDM, LOIA3,MS — ®B—a' SM, LO
FJ A3
SM
0.8 1 1
—0.2 -0.1 0 0.1 0.2
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Conclusion

e Symmetry relations need to be respected:

Possible issue: On-shell particles <+ mixing of higher orders

e Additional parameters:

Reasonable definitions?

e Gauge independence:

Recently a lot of discussion about mixing angles/parameters

e Numerical stability:

* Not all theoretical reasonable schemes lead to
numerically well-behaved predictions

* Compare different renormalization schemes
(do not forget parameter conversion)
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1., dependence of I'(h — 4f)

Th—4f [MeV]
1 B —
cp—a(po) =0.1
095 N Scenario Aa
09 F
0.85 % N ~
0.8 T
0.75 1 -
07 MS(hs) R
MS(a) —
0.65 F(a) — 1
FJ()A3):
06 \( )‘ L L L L
50 75 100 150 200 300 400 500
pr [GeV]
Renormalization of BSM theories Heidi Rzehak

“naive” scale: g = M,

LO: dashed
NLO EW: solid

e No conversion:
scenario interpreted as given
in respective scheme

e No clear plateau around
wr = po at NLO
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1., dependence of I'(h — 4f)

Th—4f [MeV]
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Renormalization of BSM theories

MS(a) —
- FJ(a) —

[ FI(),

L L L L A
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pir [GeV]

Heidi Rzehak

“naive” scale: g = M,
LO: dashed

NLO EW: solid

e Scheme A3 MS used

e With conversion:
Sizeable effects already at LO

e No clear plateau around
wr = po at NLO
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1., dependence of I'(h — 4f)

[Altenkamp, Dittmaier, HR 1704.02645]

I\h*ﬂlf [MGV]
1 T T HO\ T
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0.95 \\ 1 LO: dashed
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09 1~ 1 e Scheme A3 MS used

e Clear plateau around p, = pg at NLO
085 | .
B e Scale dependence reduced

% from LO to NLO
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